Hydrophobic Actinobacteria are commonly associated with the stabilization of foams in activated sludge systems. One possible attractive approach to control these foam-stabilizing organisms is the use of specific bacteriophages. We describe the genome characterization of a novel polyvalent DNA phage, GTE2, isolated from activated sludge. This phage is lytic for Gordonia terrae, Rhodococcus globerulus, Rhodococcus erythropolis, Rhodococcus erythropolis, Nocardia otitidiscaviarum, and Nocardia brasiliensis. Phage GTE2 belongs to the family Siphoviridae, possessing a characteristic icosahedral head encapsulating a double-stranded DNA linear genome (45,530 bp) having 10-bp 3-protruding cohesive ends. The genome sequence is 98% unique at the DNA level and contains 57 putative genes. The genome can be divided into two components, where the first is modular and encodes phage structural proteins and lysis genes. The second is not modular, and the genes harbored there are involved in DNA replication, repair, and metabolism. Some have no known function. GTE2 shows promising results in controlling stable foam production by its host bacteria under laboratory conditions, suggesting that it may prove useful in the field as a biocontrol agent.
Activated sludge systems are used globally to treat both domestic and industrial wastewaters. The process is driven by a complex microbial community that degrades a wide diversity of organic substrates for their growth, and in some systems they also remove nitrogen and phosphorus (32) . Many systems suffer from the serious operational problems of bulking and foaming, both arising from the unwanted growth of certain filamentous bacterial populations (8, 26) . Their proliferation can disrupt the critical process of solid-and liquid-phase separation in clarifiers and cause the process to fail (8, 39) .
Persistent foams occur in the activated sludge process when certain Actinobacteria strains found in the mixed liquor accumulate and stabilize the bubbles created during aeration (8, 33) . Strains commonly found in foams include those whose cell walls contain the strongly hydrophobic mycolic acids (the mycolata) and include members of the genera Corynebacterium, Dietzia, Gordonia, Millisia, Skermania, Mycobacterium, Nocardia, Rhodococcus, Tsukamurella, and Williamsia (8, 33) . Currently, the control and prevention of foaming are difficult, and there is a need for novel approaches (8, 33) . One potentially attractive control strategy is to reduce mycolata cell numbers in the mixed liquor below the foaming threshold value by applying suitable lytic phages (38, 41) . This environmentally safe approach offers the ability to target the foam-stabilizing filamentous bacterial strains specifically without affecting the important populations required for the successful treatment of wastewater.
Relatively little has been published on actinobacterial phages other than those that target the Mycobacteria (14, 15) , although phages lytic for Rhodococcus were recently described (36) . Thomas et al. (38) previously isolated 17 phages from activated sludge specific for members of the mycolata, 12 of which could propagate on members of more than one genus, and we have recently characterized a Tsukamurella phage, TPA2 (29) . The aim of this study was to characterize a novel Gordonia phage isolated from activated sludge, GTE2, and test its potential as a biocontrol agent in laboratory-scale foaming experiments.
MATERIALS AND METHODS
Bacterial strains used in study. The mycolata bacterial strains used in this study are listed in Table S1 in the supplemental material. All strains were grown in peptone yeast calcium (PYCa) broth or agar (29) . All chemicals were obtained from Sigma, Australia, unless otherwise noted.
Phage purification, host range determination, and single-step growth curves. Phage GTE2 was isolated from the Merrimac wastewater treatment plant (Queensland, Australia), as detailed previously by Thomas et al. (38) , using Gordonia terrae (Gter34) as the host. Phage recovery and purification were performed by using G. terrae as described previously by Petrovski et al. (29) . Ten rounds of phage dilution and single-plaque isolation were performed before further studies were undertaken, to ensure that the final GTE2 phage suspension resulted from a single virion.
After purification, a dilution series of GTE2 (ϳ10 10 PFU/ml) was spotted onto swabbed lawn plates of each bacterial strain listed in Table S1 in the supplemental material, incubated for 2 days, and inspected for the presence of plaques. Single-step growth curves were conducted as described previously by Petrovski et al. (29) .
Electron microscopy. Virus particles were allowed to adsorb onto Formvarcoated 200-mesh copper grids for 5 min. These grids were washed twice for 1 min in double-distilled water (ddH 2 O) and negatively stained with 2% (wt/vol) uranyl acetate for 2 min. Excess liquid was absorbed using filter paper, and the grids were allowed to air dry before being examined under a Jeol JEM-100cx transmission electron microscope at an accelerating voltage of 100 kV.
DNA techniques, sequencing, and annotation. Prior to DNA isolation, phage GTE2 was precipitated by using polyethylene glycol (PEG), and DNA was isolated from the precipitated phage using SDS-proteinase K as described previously by Petrovski et al. (29) .
The genome of GTE2 was DNA sequenced by using the Roche GS FLX genome sequencer and titanium chemistry by Genoseq (University of California at Los Angeles, Los Angeles, CA). The pyrosequencing reads were assembled by using gsAssembler (Roche Applied Science, Indianapolis, IN). The resulting single contig obtained had a minimum of 40-fold read coverage.
To determine the single-stranded DNA cos sites at each end of the phage DNA, a combination of PCR amplification and direct sequencing was used. Phage DNA was PCR amplified by using primers SP1 (5Ј-CAGCGCCATTGC TTCTTG) and SP2 (5Ј-CATGCGGTTAGCTGGATAC) in reaction mixtures containing 10% (vol/vol) dimethyl sulfoxide and AmpliTaq Gold reaction buffer (Applied Biosystems). The reaction was subjected to 30 cycles as follows: 92°C for 3 min (first cycle only), 92°C for 60 s, 52°C for 30 s, 72°C for 70 s, and 72°C for 5 min (last cycle only). Sanger DNA sequencing of the PCR products or sequencing directly from the phage DNA (300 ng) was performed by the Australian Genome Research Facility (AGRF) (Brisbane, Australia) by using primers SP1 and SP2.
Geneious 4.0.4 software (9) was used to identify all open reading frames (ORFs) longer than 100 nucleotides. The putative proteins encoded by each ORF were screened for identity with other sequences deposited within the GenBank database using the BlastP interface provided by the NCBI. The conserved domain database (CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd .shtml) and Pfam database (http://pfam.sanger.ac.uk) were used to make predicted protein family allocations (12) . The presence of tRNA and tmRNA was screened for by using ARAGORN (http://www.acgt.se/online.html) (25) . Transmembrane domains were predicted by using DAS (dense alignment surface method) transmembrane prediction (http://www.sbc.su.se/ϳmiklos/DAS/) (7) .
Effect of phage GTE2 on foam stability. Triplicate 20-ml aliquots of each bacterial host (A 600 adjusted to 1.0, equal to ϳ10 8 CFU/ml) were incubated at room temperature overnight with or without the addition of phage GTE2 (multiplicity of infection [MOI] of 0.3). Foaming potential was assessed by using a laboratory-scale foaming apparatus, described previously by Stratton et al. (34) , at an aeration rate of 100 ml/min for 1 min and criteria described previously by Blackall and Marshall (4), but modified as described previously by Petrovski et al. (28) .
Nucleotide sequence accession number. The nucleotide sequence for GTE2 has been deposited in the GenBank database under accession number HQ403646.
RESULTS AND DISCUSSION
General features of phage GTE2. Phage GTE2 was isolated originally from the Merrimac wastewater treatment plant (Queensland, Australia) in 1999 by J. Thomas in our laboratory, based on its ability to form lytic plaques (ϳ1-mm diameter) on a lawn plate of G. terrae strain Gter34 (38) . Transmission electron microscopy (TEM) revealed that GTE2 belongs to the family Siphoviridae, possessing their characteristic long noncontractile tail (ϳ273 nm) and isometric capsid (ϳ57 nm) (Fig. 1) . The burst size of GTE2 was determined to be 126 Ϯ 8 PFU/ml, with a latency period of 2.5 h in PYCa broth at 30°C.
Phages are considered attractive antibacterial agents in mixed microbial populations because of their narrow host specificities (35) . Interestingly, phages isolated from activated sludge have been reported to display unusually broad host ranges, with some being reported to lyse both Gram-negative and Gram-positive bacteria (20, 21, 38) . To date, none of these polyvalent phages have had their genomes completely sequenced. It is always possible that phages reported to be polyvalent are in fact contaminated and contain more than one phage; put simply, a polyvalent phenotype can be mimicked by the presence of two or more unrelated narrow-host-range phages in a phage stock. To ensure that the apparent broadhost-range phenotype of GTE2 was not a laboratory artifact resulting from its inadequate purification, it was purified 10 times (see Materials and Methods) from single plaques before being grown to produce a high-titer (ϳ10 10 PFU/ml) stock. TEM micrographs of this preparation revealed only a single virion morphotype (Fig. 1) . Furthermore, when pyrosequenced, all contigs were fragments from a single GTE2 phage. No orphan contigs were obtained, further supporting that GTE2 was a single phage. To ensure further that the GTE2 stock was free from contaminating phages, all host range determinations were performed by using phage drop dilutions. Only after these precautions were implemented was GTE2 screened for its ability to lyse 65 different mycolata strains (listed in Table S1 in the supplemental material).
GTE2 generated lytic plaques on lawn plates of strains from six mycolata genera: Gordonia terrae (Gter34), Rhodococcus globerulus (Rglo35), Rhodococcus erythropolis (Rery19), Rhodococcus erythropolis (Rery29), Nocardia otitidiscaviarum (Noti14), and Nocardia brasiliensis (Nbra42). Interestingly, this phage lysed only one of the five G. terrae strains screened. The reason for this is unknown, but it may be the result of restriction-modification systems interfering with phage infectivity (13) . Restriction-modification can be overcome by host infection with a high phage titer and isolation for the rare infective event that escapes DNA restriction, as the phage progeny will be insensitive to the restriction-modification system in the host (24) . Despite numerous attempts using very high PFU titers (Ն10 10 ), we were unable to obtain GTE2 plaques on any of the four other G. terrae strains. Since a phage host range can change depending on the host used for its replication from differences in host restriction methylation (13), GTE2 was grown in each of the six bacterial hosts that it infected and was then reassessed against all 65 of the mycolata. No changes in host range were observed regardless of the bacterium in which GTE2 replicated initially.
One possible explanation for these host range data for GTE2 is that only certain strains possess the appropriate receptor(s) for phage attachment. If so, the same receptor(s) appears to be found in several different mycolata genera but not in all strains of each genus. Alternatively, it is possible that all strains in each genus possess the phage receptor but that only some can support subsequent phage replication. Several mycolata genera have been reclassified (e.g., Nocardia amarae is now Gordonia amarae, and Rhodococcus maris is now Dietzia maris [30, 31] (23) where phage typing was reported to allow the unequivocal identification of individual species (2).
Other characterized phages targeting members of the mycolata, like Mycobacterium, Tsukamurella, and Rhodococcus, target members of each genus only (16, 29, 36) . Whether the GTE2 host range data are exposing novel systematic information remains to be elucidated. Genomic features of GTE2. The relatively few complete genome sequences of phages currently available emphasize how little is known about them (15) . Four Rhodococcus phage genome sequences are now available (36) , but to our knowledge, no genome sequences of lytic phages for Gordonia and Nocardia strains have been reported, although putative prophages have been detected in whole-genome sequences of both Nocardia farcinica (17) and Gordonia bronchialis (19) . Phage GTE2 has a linear double-stranded DNA genome consisting of 45,530 bp with a GϩC content of 60.3 mol%. The cos site was identified as a 10-bp 3Ј overhang sequence, 5Ј-CGGTAGGC TT-3Ј. Most of the GTE2 genome (98%) shares no significant match to DNA sequences in the GenBank database.
A total of 57 putative open reading frames were identified in the GTE2 genome, and no tRNAs could be located. The ORFs were numbered consecutively from the end closest to the gene encoding the large terminase. Thirty-five ORFs are encoded on one strand, and 22 are encoded on the opposite strand (Fig.  2) . A total of 19 ORFs (33%) could be annotated functionally by comparisons with known protein sequences and N-terminal sequencing. The possible functions of some gene products can also be deduced based on their locations within the genome and from comparative analyses with other phage genomes. However, in the case of GTE2 this approach was generally unhelpful. Many of the putative genes showed statistically significant levels of similarity only to genes of unknown function and so could not be assigned a possible function(s) ( Table 1) .
DNA packaging, structural proteins, and host lysis. Analysis of the GTE2 genome sequence revealed that terL encodes a large terminase based on its sequence identity and the presence of the large terminase-specific pfam03354 motif. No obvious small terminase could be recognized. Small terminases are encoded typically upstream of large terminase genes and function together with the large terminase in the packaging of phage DNA (6) . The putative orf1 gene upstream of the large terminase shares a low level of amino acid similarity with the hypothetical phage protein from Streptomyces phage VWB and some Mycobacterium phages. Given its location, it is possible that orf1 encodes a novel class of small terminases, although this remains to be confirmed.
The cluster of genes within the module of orf3 to orf24 is predicted to encode the phage structural proteome and host cell lysis functions. These gene modules, together with the packaging genes (i.e., orf1 and terL), are transcribed in the same direction. The first gene product of this cluster, orf3, contains a pfam05133 motif characteristic of phage portal proteins. The portal protein connects the head and tail proteins, creating an avenue for DNA injection into the host cell during the DNA packaging process (18) . Other genes within this cluster are likely to encode other structural proteins, although they show no statistically significant sequence identity with any previously characterized phage proteins.
A previously reported SDS-PAGE analysis of GTE2 revealed the presence of five structural proteins (37) . Two of the bands were present in larger amounts than the others, indicating that they were more likely to be the major structural proteins (37) . These two proteins, estimated to be 223 kDa and 37 kDa in size, were N-terminally sequenced previously by Thomas (37) and correspond to the gene products of orf6 (ATKSVLQPPASGSAGIVGGT) and orf11 (ASKVENVFAA MPRATGALLAR) of phage GTE2. In silico analysis of these genes revealed that Orf6 and Orf11 are the major capsid and tail proteins, respectively, based on the presence of highly conserved motifs (Table 1 ). The predicted size of Orf11 is 29.7 kDa and is in reasonable agreement with the properties of the major tail protein determined by SDS-PAGE. The size of the major capsid protein assessed by SDS-PAGE is strikingly different from its theoretical size. It is known from previous work with other phages that the major capsid protein can be covalently self-linked, and this may explain the behavior of this protein determined by SDS-PAGE (40) . Other genes identified within this cluster were orf14, encoding the tape measure protein, and the orf15, orf16, and orf23 genes, encoding phage tail proteins.
An interesting feature of some phages (including lambda and Mu) is a conserved programmed translational frameshift (42) . This process involves two overlapping genes, where the second gene has no obvious start codon and is expressed following translational slippage. The two genes located between the major tail and tape measure proteins are thought to encode proteins involved in tail assembly (42) . These (orf12 and orf13) were further investigated. Orf13 shares identity with the end portion of Gp15 in mycobacteriophage Halo that is translated by a programmed translational slippage mechanism. We further investigated the DNA sequence upstream of orf13 to determine the slippage sequence. A sequence 28 bp before the end of orf12 (i.e., GGGGGAA) was identical to the predicted slippage sequence in Mycobacterium phage L5 (42) . The occurrence of this feature in a wide range of seemingly unrelated bacteriophages is intriguing, especially since its functional purpose is unclear (42) .
The putative protein encoded by orf18 is most closely related to hypothetical proteins in Nocardia farcinica (17) and Rhodococcus erythropolis (GenBank accession number AY_002765699). More distantly related but of equal importance, the Orf18 protein shares identity with the lysin protein of Mycobacterium phages Lockley, Jasper, and Myrna. Although no holin protein could be identified for GTE2, the adjacent orf17 gene encodes a protein of unknown function but which contains a conserved motif characteristic of viral proteins. Orf17 has two predicted transmembrane regions, a topology similar to that observed for other phage holin proteins (27) . Given its location, it is speculated that this gene may encode a novel holin, but again, this remains speculative. DNA metabolism, modification, and repair. Examination of the proteins encoded by orf25 to orf57 suggests that this region is involved in DNA metabolism, modification, and repair. Unlike the region encoding the phage structural proteins, this DNA region does not appear to be modular. Most of the genes (i.e., 23 out of 33) are transcribed in the opposite direction of the genes encoding phage structural proteins (Fig. 2) . While the functions of many genes in this cluster can be assigned only speculatively, a number of them contain conserved motifs that suggest their possible functions. The predicted genes appear to encode proteins involved in DNA synthesis and repair and include orf26, which contains the pfam10263 conserved motif predicted to be involved in transcriptional elongation, and orf35, which is predicted to encode DNA polymerase I (Pol I). Included in this gene cluster encoding putative enzymes involved in DNA synthesis are orf38, encoding a pfam00303 conserved motif characteristic of a thymidylate synthase; orf41, a phage dCTP pyrophosphatase with the pfam08761 motif; and orf42, a guanylate kinase. The putative proteins Orf44 and Orf47 contain conserved domains suggestive of helicase-and primase-like proteins. Orf44 contains the pfam00176 motif at its N-terminal end and the pfam00271 motif at its C-terminal end. The N-terminal region is typical of enzymes involved in transcription, DNA repair, DNA recombination, and chromatin unwinding (11) , while the C-terminal region is characteristic of DNA helicase (5) . The orf47 gene appears to encode a primase protein based on the presence of conserved motifs.
Proteins thought to be involved in DNA modification include those encoded by orf36 (a deaminase) and orf57, which appears to encode a homing endonuclease possibly involved in the DNA digestion of the host bacterium DNA.
Cryptic genes. The DNA sequence of GTE2 is very different from other phage genome sequences deposited in public databases. Analysis revealed that this genome is divided into two large segments. Within these segments, unusual putative orthologs were detected. For example, orf37 encodes a conserved pfam01083 motif, which is characteristic of cutinase enzymes, degrading plant cell wall cutin (3). At the amino acid level no significant amino acid similarity with any other protein sequences in public databases was detected, although insignificant similarity with a Mycobacterium cutinase was suggested. This cutinase enzyme is synthesized frequently by phytopathogenic fungi but has also been detected in some phytopathogenic bacteria (10) . On the basis of bioinformatic analyses, Belbahri et al. (3) hypothesized previously that the cutinase gene was horizontally acquired by fungi from members of the Actinobacteria. This is the first report of a possible cutinaseencoding gene detected in a phage, and although the function of this gene is unknown, its presence suggests that GTE2 or similar phages may have acted as a vector for its distribution among the Actinobacteria. Since GTE2 has a GC mol% content similar to that of its hosts, it is not possible to determine the origin of this gene on the basis of GC mol% content.
The protein encoded by orf30 contains the pfam01870 motif characteristic of the Holliday junction resolvases of the Archaea (22) . Whether the protein encoded by orf30 performs the same function in this GTE2 phage is unknown, but given its significant identity to known Holliday junction resolvases, this would seem probable. The presence of this gene in GTE2 suggests that such resolvases may not be exclusive to the Archaea. ..............................................................................................I  orf2.................................................................................................A  orf3.................................................................................................A  orf4.................................................................................................F  orf6.................................................................................................F  orf7.................................................................................................G  orf8.................................................................................................F  orf9.................................................................................................F  orf10...............................................................................................F  orf11...............................................................................................G  orf13...............................................................................................G  orf14........................................................................................... Evolution of GTE2. The increasing availability of complete phage genome sequences is revealing clues as to their ancestry. The largest group of completely sequenced phages infecting the same host bacteria are those that infect Mycobacterium species (16) . These genomic data reveal that phages are genetically diverse and often demonstrate mosaic gene architectures. Mycobacterium phages have been divided into several clusters and subclusters based on similarities between their DNA and protein sequences (16) . We characterized a Tsukamurella phage (TPA2) whose proteins share some similarity with Mycobacterium phage proteins that fall into cluster B (29) . Despite the low DNA genome sequence similarity to other phages, proteins encoded by the Tsukamurella phage TPA2 genome could be annotated functionally and categorized with those from the Mycobacterium phages. Equally, Rhodococcus phage ReqiPine5 was classified into the same cluster as TPA2 in Mycobacterium phage cluster B despite no DNA sequence similarity (36) . With the sequence of phage GTE2 now available, we attempted to place this phage into the Mycobacterium phage taxonomy but could not categorize it because it shares very little similarity to the genome sequence of any other phage. However, an examination of each of the 57 GTE2 ORFs showed that the first gene module (orf1 to orf24) encodes proteins with most having some similarity to Mycobacterium phage proteins, while the second module (orf25 to orf57) contains only three ORFs with similarity to those from Mycobacterium phages. Furthermore, the clustering pattern varied with each putative GTE2 protein (Table 2) . Thus, phage GTE2 should be viewed as a singleton according to the classification system described by Hatfull et al. (16) .
GTE2 as a biocontrol agent. The isolation of GTE2 described previously by Thomas et al. (38) was conducted for the purposes of the biocontrol of the foam-stabilizing bacteria in activated sludge. Phage GTE2 was of particular interest because of its ability to target multiple bacterial hosts, all implicated in foaming episodes (28) . Since each of the six hosts that GTE2 infects has the ability to stabilize foam in laboratoryscale foaming tests, we determined whether GTE2 could be used to control foaming in a laboratory-scale system. The optical density (OD) of the bacterial cultures was adjusted to an A 600 of ϳ1.0 prior to the addition of phage (MOI ϭ 0.3) (or uninoculated broth for controls), and these cultures were incubated at room temperature for 24 h. The data showed that the foaming ability of each of these bacterial cultures decreased markedly in the presence of phage GTE2, and for some strains no stable foam was generated (Tables 3 and 4 ). The phage had no effect on the foam stabilization displayed by Gordonia aichiensis (Raic22), which is not a host for GTE2, confirming that foaming control is host specific. Further analyses of the cultures exposed to phage GTE2 revealed that the number of CFU ml Ϫ1 was reduced by greater than 100-fold (data not shown). Thus, the phage GTE2-mediated cell number reduction clearly eliminates preexisting stable foam under laboratory conditions (28) and encourages its application in the control of foaming-activated sludge mixed liquor in fullscale plants.
Conclusions. Broad-host-range phages appear to be uncommon, and most phages have very narrow host ranges (1). The basis for phage polyvalency is unclear, and little is still known regarding the molecular mechanism(s) that controls host specificity. GTE2 is the first actinobacterial multigenus polyvalent bacteriophage to be completely sequenced and annotated. This sequence is highly novel, sharing almost no DNA sequence similarity with all other known phage genomes. The genome sequence of GTE2 will now allow its presence to be monitored in wastewater treatment plants and its population dynamics to be examined.
This study has demonstrated that GTE2 could be used potentially as a biocontrol agent for foaming problems in activated sludge. Our laboratory-scale tests showed that GTE2 can prevent stable foam formation by its host bacteria. Further work is required to determine if GTE2 and other phages can control foaming in wastewater treatment plants, but the results presented here are encouraging.
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